We study the implications of the searches based on H → τ + τ − by the ATLAS and CMS collaborations on the parameter space of the two Higgs doublet model (2HDM). In the 2HDM, the scalars can decay into a tau pair with a branching ratio larger than the SM one, leading to constraints on the 2HDM parameter space. We show that in model II, values of tan β > 1.8 are definitively excluded if the pseudo-scalar is in the mass range 110 GeV < m A < 145 GeV . We have also discussed the implications for the 2HDM of the recent di-muon search by the ATLAS collaboration for a CP-odd scalar in the mass range 4-12 GeV.
I. INTRODUCTION
The Standard Model (SM) of particle physics has been very successful in explaining most of the experimental observations in elementary particle phenomena. The most crucial and only missing ingredient of the electroweak sector of the SM, the Higgs boson [1, 2] , has finally been hinted at CERN's Large Hadron Collider (LHC) by the ATLAS [3, 4] and CMS [5, 6] collaborations. A slight excess was measured both in the γγ and in the W W * , ZZ * channels, which is compatible with a SM Higgs boson with a mass of about 125 GeV.
Even if a discovery cannot still be claimed, there are well established limits for the SM Higgs. Unitarity of longitudinal weak gauge boson scattering at high energies leads to the bound M H < ∼ 700 GeV [7] . Direct searches of the SM Higgs boson at LEP2 has set a lower bound on the mass m H > ∼ 114. 4 GeV at 95% confidence level (CL) [8] . The CDF and D0
Collaborations at the Tevatron have excluded the Higgs boson mass in the range 156 − 177
GeV at 95% CL [9] [10] [11] . [4] and [128, 525] GeV for CMS [6] , at 95% CL.
In the SM, a light Higgs decays into a τ + τ − pair with a branching ratio ∼ 10%, which makes it a promising search channel. This channel suffers less from QCD background than the more dominant bb channel at the LHC. Moreover, in some versions of models such as the two Higgs doublet model (2HDM), the couplings of the Higgs boson to the third-generation fermions can be strongly enhanced over a large portion of the parameter space; i.e., when tan β is large (tan β = v 2 /v 1 is the ratio of the two vacuum expectation values (VEV's)).
It is therefore useful and timely to constrain such models using this channel. A study for the MSSM using this channel was recently performed in [14] . Searches for Higgs bosons decaying to tau pairs that in turn decay into final states with one or two light leptons at the LHC have been performed by CMS [15] and ATLAS [16] at the CM energy of 7 TeV. Even though the sensitivity of ATLAS and CMS searches has not yet reached the SM sensitivity, useful constraints can be put on new physics model. It is the purpose of this paper to study the implications of CMS and ATLAS data on the parameters of the 2HDM.
In fact, there are several scenarios in the 2HDM, differing mainly in how the Higgs bosons couple to the SM fermions. One common trend in all scenarios is that the Higgs boson spectrum is the same after electroweak symmetry breaking (EWSB): two charged Higgs particles H ± , two CP-even scalars, H, h and one CP-odd scalar, A. By limiting ourselves to natural flavor conservation (NFC), the Higgs couplings to the fermions are completely fixed by α and tan β, where α is the mixing angle in the CP-even sector and tan β. Therefore, the production rate and decay branching ratios of the Higgs bosons in this model can be worked out readily.
In this paper, we investigate the predictions for the pp(gg + bb) → h(A) → τ + τ − cross sections and examine the consequences for the 2HDM parameter space. We also discuss the very light CP-odd scenario m A ∼ 4 − 12 GeV which decays mainly to a pair of muons for which there are some preliminary results from the ATLAS Collaboration [17] .
This paper is organized as follow. In Section II we introduce the patterns of the Yukawa interactions of the 2HDM, while in Section III we illustrate our results for CP-even and CP-odd Higgs bosons which decay to a pair of tau leptons. A discussion of a very light CP-odd scalar decaying to a pair of muons is presented in Section IV. We summarize our findings in Section V.
II. 2HDM AND THE PATTERNS OF THE YUKAWA INTERACTIONS
There are several alternatives to the SM that have started being tested at the LHC. The The Yukawa Lagrangian of the 2HDM is a straightforward generalization of the SM one.
However, flavor changing neutral currents (FCNC) may occur at tree-level. To avoid treelevel FCNC, it suffices that fermions of a given electric charge couple to no more than one leptons. Models III and IV have been explored in a number of papers [22] [23] [24] and more recently with a renewed interest in [25] [26] [27] . After EWSB, the Yukawa interactions of the neutral scalars h and A are expressed in terms of mass eigenstates as:
where the factors y f h,A , needed for this study, are given in Table I in the four Yukawa types of the 2HDM models.
As can be seen from Table I , the models can be grouped in two pairs: (I, IV) and (II, III), as the only difference within each of these two pairs is in the Higgs couplings to the charged leptons. Moreover, the way we have chosen to build the Yukawa Lagrangian is such that up-type quarks have the same couplings to the Higgs bosons in all four types. Down-type quarks have different couplings in the two groups defined above, (I, IV) and (II, III), as can be seen in Table I . In the large tan β limit, in 2HDM-(II, III), the Higgs coupling to a pair of down-type quarks is enhanced by a factor of 1/ cos β ≈ tan β (tan β 1), while for 2HDM-(I, IV) there is no such enhancement.
It is well-known that 2HDM parameters can be constrained both from theory and experiment. For example, from perturbativity arguments, the top and bottom Yukawa couplings,
{m t cot β, m b tan β}, cannot be too large. Therefore, the requirement that |Y t,b | 2 < 4π at the tree-level provides a constraint on tan β which reads 0.1 < ∼ tan β < ∼ 100.
Tree-level unitarity [28] [29] [30] and vacuum stability [31] also impose severe constraints on the 2HDM parameter space [32] . We note that once a CP-conserving minimum is chosen, the 2HDM is naturally protected against charge and CP-breaking [33] [34] [35] .
Experimental data and in particular precision data, are now accurate enough to put constraints on new physics models such as the 2HDM's. In this regard, the 2HDM is subject to a number of constraints from which b → sγ, Z → bb, δρ, g − 2 and B → lν [36] [37] [38] [39] [40] are the most relevant. Some of those constraints, such as the ones related to B physics observables, put already some severe constraints on the charged Higgs boson mass and on tan β [36, 37] .
Other constraints like Z → bb [40] and the muon g − 2 [38, 39] can restrict the available parameter space in the neutral Higgs sector as well. All the above constraints will be taken into account in our analysis.
III. NUMERICAL RESULTS
Before presenting our results, we will discuss the direct experimental constraints on the mass of the lightest CP-even Higgs boson and on the mass of the CP-odd scalar. For the neutral Higgs bosons, the experimental searches depend on the mixing parameters α and tan β and on their decay patterns. If the neutral Higgs bosons decay mainly into fermions, the OPAL, DELPHI and L3 collaborations have set a limit on the masses of h and A in the 2HDM [41, 42] . OPAL claims an exclusion almost independent of the values of α and tan β, in the mass ranges 1 < ∼ m h < ∼ 55 GeV and 3 < ∼ m A < ∼ 63 GeV [41] . It should be noted however that there are several scenarios where the above limits do not hold. First, if either m h or m A are above the kinematical threshold in either of the production processes e + e − → hZ or e + e − → hA, no bound on the masses can be derived. Second, if sin(α−β) ≈ 0, σ e + e − →hZ ≈ 0 and again the bound on the CP-even mass do not hold. On the other hand, if sin(α − β) ≈ 1, σ e + e − →hA ≈ 0 and in that scenario no bound on the CP-odd mass can be extracted. Assuming that the Higgs-strahlung cross section is the SM one , L3 sets a lower limit on m h of about 110.3 GeV [41] . Therefore, we will assume from now on that both m h and m A are in the range 110-140 GeV except for a short section where we discuss the case of a very light CP-odd scalar. Regarding the charged Higgs boson, the combined null searches from all four CERN LEP collaborations imply the lower limit M H + > 78.6 GeV (95% CL), a limit which applies to all models in which Br(H ± → τ ν) + Br(H ± → cs) = 1 [43] .
In order to extract limits on the 2HDM parameters, we will focus on the following ob-
where σ(gg + bb → Φ) is the production cross section of the scalar particle which has been evaluated at next-to-leading-order (NLO) using HIGLU [44] and bb@nnlo [45] with the CTEQ6 [46] parton distribution function. Note that we include the bb fusion contribution since in the 2HDM the bbφ coupling can substantially enhance the production cross section.
We will then use the limits obtained by the CMS [15] Collaboration for R τ τ at 95% CL.
The decay widths of the scalar particles Φ = h, A are computed at leading order, both in the SM and in the 2HDM's as
where the expressions for the scalars decay widths and the respective QCD corrections are taken from [47] . We note that when Φ = A, the decays Φ → {W W * , ZZ * } are not allowed.
A. CP-odd case
The branching ratio of SM Higgs into τ + τ − is of the order of 8% for a 100 GeV Higgs boson and drops quickly with an increasing mass. In the 2HDM, Φ → τ + τ − mat be enhanced at large tan β, for some types of the 2HDMs under consideration. Such an enhancement can be very large relative to the SM, reaching ∼ 30% in Type II or even 100% in Type IV.
We start by discussing the case of the CP-odd scalar in the 2HDM. Due to CP invariance,
A does not couple to W W and ZZ and the partial decay widths to gg and γγ are very small. Considering that the channel A → hZ is closed, the CP-odd scalar can only decay into fermions. We have then
Depending on the Yukawa structure, the above ratio will take different forms which are independent of m A in the mass region under consideration and can be written as
0.075 for tan β = 1
0.075 for tan β = 1 As one can see, in terms of branching ratios, we can have an enhancement in Br(A → τ τ ) in the 2HDM with respect to the SM, which can be quantified by R br , in the following cases:
• 2HDM-II with large tan β:
• 2HDM-IV with large tan β:
It should be noted that values of tan β < 1 are already excluded by the precision constraints in the 2HDM. In Fig. 1 , we present the ratio R br as a function of tan β for m A = 125 GeV (solid line) and m A = 140 GeV (dashed line) in 2HDM-II (a), 2HDM-IV (b) and 2HDM-III (c). The 2HDM-I scenario is not shown because the tan β dependence in this ratio cancels out.
Let us now turn to the ratio R σ . The A and h couplings to bb are proportional to tan β for large tan β in Types II and III, as shown in Table I . Therefore, for large tan β only those models can present an enhancement in the cross section coming from the bottom loop in the gluon fusion process and from bb fusion. The only difference between A and h is in the mixing angle sin α which is present in all Yukawa couplings and will be discussed in the next section. In Fig. 2 we present R σ as a function of tan β for m A = 125 GeV (solid line) and . In 2HDM-II (Fig. 3(b) ), for a given CP odd Higgs boson mass, there is just a small window of tan β which is allowed by the CMS data on R τ τ . It is clear that, for 2HDM-II, values of tan β ≥ 2 are definitely excluded at 95% CL for the entire mass range under scrutiny. In 2HDM-IV, the excluded region reduces to a tiny window centred at tan β = 2, while for 2HDM-I and III tan β is allowed in the entire range shown. 
B. CP-even case
We will now move on to the the study of the lightest CP-even scalar. Although similar, the process pp(gg + bb) → h → τ + τ − , is in fact more evolved since the Yukawa couplings of h depend both on tan β and α. Throughout this section we take sin α > 0 to make the plots clearer. There is an approximate symmetry in the values of R τ τ between positive and negative values of sin α. In the final exclusion plots, we will allow sin α to vary in the entire range from −1 to 1 though. We shall now discuss each Yukawa model in turn.
2HDM-I
In 2HDM-I, all fermions couple to h proportionally to y rendering a Br(h → τ τ ) I similar to the corresponding SM rate. This is illustrated in Fig. 4 (left), where we can see that the ratio R br is close to one except for some modulations due to the h → W W * contribution, which is proportional to sin(β − α). At large tan β, the contribution of the vector bosons decays lose their angular dependence, amounting to a reduction in Br(h → τ τ ) I as shown in Fig. 4 (left).
The branching ratio of the CP-even Higgs boson, h, to the τ τ mode takes the following form
From the above discussions, one can readily understand the shape of R τ τ in 2HDM-I presented in Fig. 4 (right) . R τ τ is almost independent of tan β in the entire range shown and decreases with increasing sin α due to the cross section behaviour. It is also clear from the plots that there are no excluded regions in the 2HDM-I parameter space from the recent LHC data on R τ τ .
2HDM-II
In 2HDM-II, as seen in Table I, . These couplings will boost the bb → h cross section at high tan β as compared to the SM one. The h coupling to top-quarks is proportional to y
This implies that the top loop in the gg → h cross section could only be enhanced at small tan β, while for large tan β the bottom loop will take over. On the other hand, the production cross section via both gluon and bb fusion is enhanced with respect to the SM Higgs production rate for large tan β and not too small sin α, as can be seen in Fig. 5 (middle) .
Finally, the ratio R II τ τ is shown in Fig. 5 (right) . Taking into account the dotted line of the 95% CL CMS lower limit on R τ τ for m h = 125 GeV we conclude that a substantial part of the tan β range presented is excluded, except for very small values of sin α.
2HDM-III
In 2HDM-III, the h couplings to a pair of fermions are proportional to y . Therefore, as in model II, the bottom Yukawa coupling will be enhanced for large tan β. As tan β increases, the partial width of the h → bb becomes large and thus suppresses
. This is illustrated in Fig. 6 (left) , where the role played by sin α is clearly observed. Of course for sin α = 0, h → bb vanishes and Br(h → τ + τ − ) is at least more than 2 times larger than the SM rate for almost all values of tan β. In Fig. 6 (middle) , we see the enhancement of the cross section at large tan β due to the b-quark loop and the bb production cross section. However, once combined with R br , the ratio R τ τ is always well below he CMS lower limit at 95% CL. Therefore the entire range of tan β is allowed, independently of the values of sin α.
2HDM-IV
In 2HDM-IV (also known as the lepton-specific model), the h couplings to a pair of fermions are y , relative to the SM ones. Hence, only y τ h can be enhanced relative to the SM at large tan β. As stated previously, in 2HDM-IV the Br(h → τ + τ − ) can be 100% at large tan β and not too small sin α. This can be seen in Fig. 7 (left) , where R br can reach values slightly larger than 10.
As for model I, the production cross section relative to the SM are almost independent of tan β for the entire range presented in in Fig. 6 (middle) . There is however a sin α Fig. 6 (right) . At large tan β, we can see the effect of the R br enhancement. The excluded region depends heavily on sin α and will be presented in the conclusions.
IV. A VERY LIGHT CP-ODD BOSON
A very light CP-odd Higgs boson is not excluded in the proposed 2HDM
1 . In fact, the LEP bounds on the 2HDM parameters based on the e + e − → hA [43] production process, do not hold if either sin(β − α) ≈ 1 or if the mass of the lightest Higgs is such that the production is either disallowed or its rate is very small. However, LEP has also produced bounds that depend solely on the Yukawa couplings of the models.
There were searches at LEP based on the Yukawa processes e + e − → bbA → bbτ + τ − in the mass range m A = 4 − 12 GeV [50] and in the channels bbbb, bbτ
pseudoscalar masses up to 50 GeV [42] . These bounds on the Yukawa couplings can be divided into three groups: bounds on g Finally in models type III and IV, no bounds on tan β can be derived in the mass region
Recently, the ATLAS Collaboration has searched for a very light CP-odd scalar [17] in the mass region 4 − 12 GeV with the process pp → A → µ + µ − . As previously discussed, the cross section for the production of a CP-odd particle can only increase for large tan β in models type II and III -the top quark couples to the CP-odd scalar proportionally to 1/ tan β, while the bottom quark couples proportionally to tan β in those scenarios. On the other hand, the largest possible value for Br(A → µ + µ − ) arises in Type IV while in Type III the branching ratio to fermions is negligible for large tan β. Therefore, in the high tan β region, one would expect to reach the highest possible values for σ(pp
Types II and IV. Note that when one moves to values of tan β below 1, the top-quark loop dominates in the production process that is similar in all scenarios. As the ATLAS result pertains only to the mass region 4 − 12 GeV, we can only compare their result with those obtained by the OPAL Collaboration [50] . The OPAL results are shown in Table II Using the ATLAS result on pp → A → µ + µ − , we can now inquire whether the bounds on tan β for m A = 4 − 12 GeV are improved relative to the OPAL bounds. In our calculation, we do not take into account the appearance of bound states.
Before proceeding further, it should be mentioned that there is a very constraining experimental bound from the muon (g − 2) µ [38, 39, 51, 52] . A detailed account on the subject can be found in Ref. [53] . Including new physics contributions from the 2HDM will be important contributions from extended models to the muon anomalous magnetic moment are the one-loop contribution, first calculated for the 2HDM in Ref. [54] , and the two-loop
Barr-Zee contribution [55] . While the one-loop contribution is proportional to g 2 hµ+µ and has therefore the SM sign, the two-loop contribution is either proportional to g hµ + µ g hbb or to g hµ + µ g htt and can therefore have either sign in the 2HDM. As a result, the one-loop contribution helps curing the 3σ deviation relative to the SM, while the two-loop contribution can, if sufficiently large, increase or decrease the difference between theory and experiment.
In Fig. 8 , we present ∆a µ = (a This conclusion already takes into account the fact that other experimental constraints have already excluded the tan β < 1 region.
We now summarize the results for tan β > 1 in the four scenarios, starting with the CP-even Higgs boson. In Type I, the branching ratios are very similar to the SM ones while the production cross section is always below the SM rate. Model III has an increased cross section relative to the SM, yet the branching ratio to a tau pair is much smaller due to the tan β dependence. Hence, the ratio R τ τ is always below 1 for Type I and Type III. In The CP-odd scalar analysis leads to a similar conclusion with the bonus that the parameter sin α is not relevant. The results are presented in the (tan β, m A ) plane. Again, for tan β > 1 no interesting exclusion can be found for Type I, Type III and now also for Type IV. As stated previously, values of tan β ≈ 2 are close to being excluded in Type IV, and more data will possible exclude some window centred at tan β = 2. In Fig. 11 , we show the results for Type II where the exclusion region is quite large. In fact, for all values of the CP-odd scalar mass, values of tan β > 1.8 are definitively excluded. Taking into account that tan β is already constrained to be above 1, the present results are close to exclude all values of tan β if the pseudo-scalar is in the mass range considered. The study recently performed in [57] concludes that if the excess observed at the LHC comes from A → γγ, tan β ≈ O(1), which is still allowed within experimental and theoretical errors in all four models. 
